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ABSTRACT 
AN ASSESSMENT OF ENVIRONMENTAL DNA 
AS A TOOL TO DETECT FISH SPECIES IN HEADWATER STREAMS 
 
FEBRUARY 2014 
STEPHEN F. JANE, B.A., UNIVERSITY OF COLORADO BOULDER 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Andrew Whiteley 
 
 Proper management of species relies on accurate assessment of their distributional range.  
When species are rare, monitoring techniques can fail to detect them.  This is particularly true in 
aquatic environments where the underwater environment hides organisms from view.  Recent 
work using DNA suspended in the water column, otherwise known as environmental DNA 
(eDNA), has indicated that such techniques have greater sensitivity than traditional techniques in 
lentic systems.  In this thesis, I explore the potential use of eDNA as a monitoring tool in 
headwater stream systems, where currents are more likely to rapidly carry suspended DNA away 
from the source. 
 In Chapter 1, I provide a brief overview of the use of eDNA methods in aquatic systems 
to date.  In Chapter 2 I used a stream system with an extensive history of monitoring to test 
whether the pattern of detections obtained using eDNA would match the known fish communities 
in this system.  Due to barriers between the mainstem and tributaries, tributaries contained subsets 
of the species present in the mainstem.  I used this situation to test whether I would see false 
negative and/or false positive results using eDNA.  Though eDNA detected species where they 
were known to be present, it also detected species where they were absent.  This result may be 
due to low level contamination and/or movement of DNA by vectors such as piscivorous 
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organisms.  I conclude that a cautious approach to interpretation of eDNA results should be 
employed.   
 In Chapter 3, I introduced caged fish into two otherwise fishless headwater streams and 
took eDNA samples at evenly spaced intervals downstream of the cage.  I repeated this 19 times 
from mid-summer through autumn, over flows ranging from approximately 1 to 96 l/sec.  I used 
quantitative PCR to relate DNA copy number to distance from source for each of these 19 
sampling events.  I found a wide range of patterns in the DNA levels downstream of the cages, 
ranging from a rapid initial decline to a near flat line.  In all cases I had detectable DNA at 240 m 
from the cage, even over a near 100 fold increase in flows.  Though increasing flows generally 
reduced DNA levels near to the cage, they had relatively little effect at downstream sites.  
Additionally, I found that the presence of leaf biomass during the fall period could completely 
erase otherwise high DNA levels.           
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CHAPTER 1 
OVERVIEW OF eDNA TO DATE 
 
 
 
 
Ecology can be defined as the study of the interactions determining the distribution and 
abundance of organisms (Begon et al. 2006).  By definition, knowing the distribution of 
organisms of interest is fundamental to many ecological studies.  Most fields of study in ecology 
have well established sampling methods for determining this information.  For example, those 
who study frogs may use identification of vocalizations as one method of surveying frog species 
(Ficetola et al. 2008a). 
 In aquatic systems, many organisms spend part or all of their life histories completely 
hidden under the water surface.  In such systems, specialized survey methods have been 
developed.  These include kick netting for amphibians (Pilliod et al. 2013a), surber sampling for 
invertebrates (Hauer and Resh 2006), and netting and/or electrofishing for fish species (Bohlin et 
al. 1989; Parsley et al. 1989).  However, these methods can have varying probabilities of 
detection depending on a range of variables (Parsley et al. 1989; Bayley and Peterson 2001; 
Gladman et al. 2010). 
 The consequences of nondetection may vary from incorrect inferences (Gu and Swihart 
2004), to possibly preventable establishment of invasive species that are highly destructive to 
local ecosystems (Lodge et al. 2006).  Examples of invasive species having detrimental effects on 
ecosystems are numerous.  Sea lamprey decimated lake trout populations in the Great Lakes 
(Cuhel and Aguilar 2013), zebra mussels have caused dramatic declines of native bivalves in the 
Great Lakes region and other areas (Schloesser et al. 1996), accidental introduction of the brown 
tree snake to Guam led to the extirpation of nearly half of the islands native bird species (Caves et 
al. 2013).  A current dramatic example of this battle with invasive species is the steady 
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progression of Asian carp up the Mississippi River system and towards the Great Lakes (Jerde et 
al. 2011). 
 It is this last example that launched aquatic environmental DNA (eDNA) survey methods 
into the spotlight.  Scientists hoping to delineate the leading edges of this invasion were looking 
for survey methods that could detect organisms at low densities, while there is still the potential 
to stop an incipient invasion (Jerde et al. 2011).  One potential solution was to use DNA present 
in water samples to detect the organisms present in the source water body.  Though similar 
techniques had been used prior to this (Ficetola et al. 2008b), the dramatic detection of these 
invading carp on the very doorstep of Lake Michigan brought attention to eDNA far outside of 
the scientific community. 
 It has become clear that aquatic eDNA techniques are extremely sensitive.  Several 
studies have detected organisms where other survey methods failed to detect them (Jerde et al. 
2011; Dejean et al. 2012).  However, there is also a tension between the high sensitivity of these 
techniques and the concern that such high sensitivity may result in a high rate of false positive 
detections (Darling and Mahon 2011).  That is, the DNA may be present without the presence of 
the organism itself.  Explanations for this type of false positive include feces from predators or 
DNA movement by other vectors such as boats.  Based on this concern, some have questioned 
results obtained using eDNA surveys (Budig 2011).  
 In the past few years, several studies have been published that begin to shed light on the 
behavior of eDNA in aquatic systems, particularly in still water or lentic habitats.  eDNA has now 
been used to detect a wide range of species (Amos et al. 1992; Goldberg et al. 2011; Thomsen et 
al. 2012a).  It is now known that eDNA may persist in water for up to a month after the removal 
of an organism, though the majority appears to degrade within about two weeks (Dejean et al. 
2011; Thomsen et al. 2012a).  This indicates that eDNA detections generally indicate relatively 
recent presence of an organism.  Degradation rates are influenced by environmental conditions, 
with exposure to sun increasing the rate of degradation (Pilliod et al. 2013b).  Additionally, 
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several studies have noted a positive relationship between organism density and eDNA 
concentrations, opening up the possibility that eDNA may eventually be used to determine 
abundance/biomass of organisms (Takahara et al. 2012; Thomsen et al. 2012a; Pilliod et al. 
2013a).  Upon introduction of organisms into water, DNA concentrations appear to increase for a 
period of time until reaching an equilibrium between DNA shedding and degradation (Pilliod et 
al. 2013b).   
 The utility of eDNA techniques in headwater streams has received less attention than 
standing water habitats (Goldberg et al. 2011; Pilliod et al. 2013a).  To date, studies in stream 
systems have yielded variable results.  Some studies have indicated that detection rates of 
amphibians in such streams are higher than with traditional monitoring techniques (Pilliod et al. 
2013a).  However, Pilliod et al. (2013b) detected translocated Idaho giant salamanders 
(Dicamptodon aterrimus) at 5 m but not at 50 m from individuals, and only at the denser of two 
treatments.   
 More work is needed to understand many aspects of the dynamics influencing eDNA 
detection in headwater streams.  This includes a better understanding of how flow affects eDNA 
levels, how far downstream eDNA travels, and whether these dynamics are consistent across 
streams.  To fill gaps in our knowledge about dynamics of eDNA detection in headwater stream 
systems, I conducted a two phase study with each phase targeted towards specific questions.  In 
phase I, I used a stream system with well established species distributions to test whether the 
pattern of eDNA detections is consistent with these distributions.  In phase II, I experimentally 
introduced caged brook trout (Salvelinus fontinalis) into two otherwise fishless streams and 
sampled at evenly spaced intervals downstream.  I used quantitative PCR (qPCR) to relate DNA 
copy number to distance and flow for each stream.     
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CHAPTER 2 
SPATIAL PATTERNS OF eDNA DETECTIONS IN A HEADWATER STREAM 
SYSTEM WITH KNOWN SPECIES DISTRIBUTIONS 
 
 
2.1 Abstract 
eDNA monitoring approaches have gained increasing attention as potential alternatives to 
traditional species monitoring techniques in aquatic systems.  Studies to date have demonstrated 
eDNA to be a highly sensitive technique for which positive detections appear to indicate the 
physical presence of target organisms.  However, concerns remain about possible alternate 
vectors for DNA and potential contamination issues that may lead to false positives.  I used a 
study site where intensive long term monitoring has established the distributions of resident 
species to test for agreement between known species presence and eDNA detections.  This site is 
a headwater stream system consisting of a main stem and two tributaries, each of which has 
different species assemblages.  I took eDNA samples from each of these stream segments, 
targeting two species, blacknose dace (Rhinichthys atratulus) and brook trout (Salvelinus 
fontinalis).  Though in general I was able to detect these species where they were present, I also 
had varying levels of detection in all cases where they were known to be absent.  I conclude that 
possible low levels of contamination, and potentially alternate vectors for DNA, will require a 
cautious approach to conclusions drawn from eDNA detections.  
   
2.2 Introduction 
To manage fish communities effectively in headwater stream systems, it is necessary to 
have a means of reliably determining the presence and distributional range of species.  The 
underwater environment effectively hides the organisms that reside there, making visual detection 
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difficult.  Current methods used to detect fish species are resource intensive, making wide-scale 
surveys expensive and time consuming (Bayley and Peterson 2001).  In addition, these methods 
are most effective at moderate to high species abundance and vary in effectiveness among species 
and environmental conditions (Bohlin et al. 1989; Peoples and Frimpong 2011).  For example, 
Bayley and Peterson (2001) sampled 121 stream reaches in second to fourth order streams located 
in Illinois.  Using traditional sampling techniques, they detected all species present in only 17 
cases.  This result was verified upon application of rotenone to these stream reaches.  When 
species are rare, it is easy to conclude that they are absent.      
Ecological studies with a conservation focus often deal with rare species and need to be 
able to accurately determine their presence or absence.  In addition, failure to detect species can 
result in poorly formulated habitat models, which may lead to incorrect predictions of species 
response to habitat change (Gu and Swihart 2004).  Detection of rare species is also necessary 
when attempting to detect invasive species, as these are generally rare at the leading edges of an 
invasion (Darling and Mahon 2011).  Early detection of invading species is necessary if managers 
hope to prevent the establishment of viable populations (Lodge et al. 2006).  
 Deoxyribonucleic acid (DNA) present at low quantities in sloughed tissues suspended in 
the aqueous environment (so-called environmental DNA or eDNA) has recently been used 
successfully to detect a variety of species, including whales (Megaptera novaeangliae, Physeter 
macrocephalus, and Eubalaena glacialis) (Amos et al. 1992), frogs (Rana catesbeiana and 
Ascaphus montanus) (Ficetola et al. 2008b; Goldberg et al. 2011), and salamanders 
(Dicamptodon aterrimus) (Goldberg et al. 2011).  For example, eDNA techniques have been used 
to place the invasion front for Asian Carp (Hypophthalmichthys molitrix and H. nobilis) much 
closer to Lake Michigan than traditional techniques had originally determined (Jerde et al. 2011).  
This finding was subsequently supported by the capture of a bighead carp by a commercial 
fisherman 4 km upstream of the eDNA study site (Jerde et al. 2011).   
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eDNA presents some novel challenges in fisheries biology.  Traditional species 
monitoring has relied on a physical capture of a specimen, essentially eliminating the possibility 
of false positives.  eDNA, however, does not require that an actual organism is even seen, leaving 
open the possibility of false positive results.  For example, it is possible that birds (or other 
animals) feeding on fish in a stretch of water that contains a species may eliminate waste in a 
stretch that does not, which would introduce the DNA without the actual presence of the 
organism (Darling and Mahon 2011).  Detections of birds (Columba palumbus) and deer (Cervus 
elaphus) in aquatic samples add weight to this possibility (Thomsen et al. 2012a).   This is a 
serious concern when these techniques are used to support costly or controversial management 
decisions.  
An increasing number of studies have shown that eDNA techniques can effectively detect 
organisms in a variety of water body types (Minamoto et al. 2012; Thomsen et al. 2012b; Pilliod 
et al. 2013a).  However, there is a need for additional studies that compare spatial patterns of 
species occurrence between eDNA and traditional detection approaches.  This is especially true in 
headwater streams where stream currents are likely to move DNA some distance downstream 
from source organisms.   
Here, I examine patterns of eDNA detection in a high gradient headwater stream system 
with well established distributions of two fish species based on traditional long-term monitoring.  
My objective was to evaluate the ability of eDNA to identify fine scale spatial patterns for two 
species in the same interconnected headwater stream system.  I ask the following questions: 1) 
Does the pattern of eDNA detections match previously established species distributions?  2) What 
is the rate of eDNA false positives?   
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2. 3 Materials and Methods 
2.3.1 Marker Development 
 
I developed molecular markers according to the method of Jerde et al. (2011) to target two 
fish species, brook trout (Salvelinus fontinalis) and blacknose dace (Rhinichthys atratulus).  I 
designed primers targeting short fragments of the mitochondrial cytochrome b gene.  Primers 
were designed to amplify different sequence lengths for each target species to enable 
identification of amplified fragments on electrophoresis gels (Table 2.1).  I used information 
available through Genbank (www.ncbi.nlm.nih.gov) to maximize primer base pair mismatches 
between target and non-target species that are also present within the study site.     
After designing primers, I tested them on high quality DNA extracted from fin clips.  I 
combined DNA from each of the focal species, as well as additional non-target species (brown 
trout (Salmo trutta) and slimy sculpin (Cottus cognatus)).  I used this DNA as the template to run 
test polymerase chain reactions (PCR) using different combinations of the selected primer pairs.  
These tests included each of the target species primer pairs run individually and combined.  In 
each case, I verified that the appropriate primers amplified the expected amplicon by running the 
PCR product on agarose gels to visualize bands.   
After I determined that the selected primers amplified the target species, and only the target 
species, I further refined the PCR process using DNA filtered out of water from a tank containing 
brook trout.  I initially attempted to run PCRs with all primers combined in one reaction, 
however, I had little success amplifying DNA from stream water, so decided to run primers from 
each species in separate reactions.  This resulted in a total of eight PCR reactions per 2-L water 
sample, four replicates for each species primer pair.  After running PCRs, reaction products were 
run on 3% agarose gels and bands were visualized by staining with SybrSafe (Invitrogen – Life 
Technologies, Carlsbad, CA) and visualization under UV light.  
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2.3.2 Study Site 
The study site (42°25'N, 72°39'W) was a stream system in Whately, Massachusetts that had 
been surveyed extensively for the ten years preceding the study (Letcher et al. 2007).  Three to 
four times a year for this period, the system was sampled using two-pass electrofishing and block 
nets and species present were documented.  The system consists of a 1 km stretch of main stem 
(West Brook) and three second order tributaries (Letcher et al. 2007) (Fig. 2.1).  The main stem 
contains both of the focal species along with several other non-target species.  One tributary 
(Ground Brook) has a 2.2 m tall waterfall at its confluence with the main stem that prevents 
migration of all species from the main stem and holds only brook trout.  At the time of sampling, 
the remaining tributary (Mitchell Brook) had a culvert at its confluence with the main stem (this 
has since been removed) that prevented entrance by all species except brook trout and brown 
trout.  Mitchell Brook also has a waterfall approximately 300 m upstream from its confluence 
with the main stem.  Two electrofishing surveys in the section above the waterfall failed to detect 
fish.  I used this stretch of stream as a negative control.  This sampling design allowed me to test 
eDNA detection where both species (West Brook), one of the two (Mitchell Brook and Ground 
Brook), and neither of the two (Mitchell above waterfall) were present.  I sampled a total of six 
times at four locations (Table 2.2). 
In addition to knowledge of the species present in these streams gained through past surveys, 
I conducted my sampling within a few days of electrofishing surveys.  These surveys documented 
species presence for target species at the time of eDNA sampling.  In this way, I had verification 
of the composition of the fish community upstream from our sampling sites at the time of sample 
collection (1 km for the main stem).  
I note that I cannot entirely rule out the presence of fish in the headwaters of the negative 
control site.  This does not seem likely as Mitchell is a very small stream.  Even at its juncture 
with the West Brook, by late summer, flows are in the 1 l/s range.  Additionally, in ten years of 
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repeated electrofishing surveys in the stretch of this stream below the waterfall, no fish other than 
brook trout and brown trout have ever been detected (i.e. no blacknose dace).  However, I am 
unable to access privately owned headwaters, so cannot entirely rule out this possibility.      
 
2.3.3 Sample Collection and Processing 
 
At the study sites, I collected 2 L water samples in sample bags (Whirl-Pak, MoBio 
Laboratories, Inc., Carlsbad, CA
1
) and transferred them on ice to a laboratory in coolers sterilized 
using a 10% bleach solution.  For clarity, I hereafter refer to each individual 2 L water sample as 
a sample, while each individual trip to a particular study site to collect samples I call a session.  
At the lab, I ran each of the 2 L water samples through a 1.5-μm pore size glass fiber filter using a 
vacuum flask fitted with a magnetic filter unit.  The filters were then transferred to 15 ml conical 
tubes and frozen at -20ºC until further processing.  Prior to running each sample through a filter, 1 
L of DI water was run through a separate filter and placed into a 15 ml conical tube as an 
equipment control and frozen with the corresponding sample.  Between processing of each 
sample and its equipment control, the filter apparatus and forceps used for handling the filters 
were sterilized for ten minutes in a 10% bleach bath. 
Following filtration, the filters represented a source of DNA from a variety of organisms 
present in the stream environment.  I extracted this DNA using a commercially available kit 
(Powerwater, MoBio Laboratories, Inc., Carlsbad, CA).  This kit uses a silica column to 
selectively bind DNA, while other components are washed away.  I eluted DNA using 100 μl 
PCR grade sterile water.   
I ran four replicate PCR reactions for each of the target species per 2 L water sample.  On 
each PCR plate I also included a no template control that used water in place of DNA to test for 
                                                          
1
 The use of any trade, product, or firm name is for descriptive purposes only and does not imply 
endorsement by the U.S. Government. 
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contamination.  I then ran the PCR product on 3% agarose gels to visualize bands.  Because I 
designed the primers to amplify different sized fragments for each species, I was able to identify 
any positive bands according to species on the gels.  I processed 10% of the equipment controls 
for samples that gave a positive result.   
  
2.3.4 Data Analysis 
 
I assigned positive results a score based on the number of positive PCRs out of four 
replicates.  One positive PCR out of four was given a score of one, two out of four was given a 
score of two, and so on.  To exclude results that could potentially be due to low levels of 
contamination, or DNA introduced through the movement of alternate vectors, I also examined 
results using a filter that excluded weak detections where only one out of four PCR replicates 
amplified.   
 
2.4 Results  
Some controls showed evidence of contamination (Table 2.3).  I examined roughly 10% 
of all equipment controls associated with positive detections (26 of 223 equipment controls 
examined).  One of these equipment controls was positive for brook trout in the first West Brook 
(WB1) session.  No template controls showed amplification for blacknose dace in one PCR plate 
that included three of the second Mitchell above samples (MA2) and four Mitchell below samples 
(MB).  I excluded the samples on this plate from the analysis.    
For brook trout, all sessions, including the negative control reach, showed at least some 
amplification (Table 2.4; Fig. 2.2; Fig. 2.3).  The first session from the negative control reach 
(MA1), taken on 6/15/2011, had one positive sample with a score of one (false positive rate = 
2.5%).  A replicated session (collected on 10/6/2011) had 11 positive samples, two with a score 
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of two and nine with a score of one (false positive rate = 27.5%).  Application of the filter that 
eliminates weak signals having only one out of four replicates positive for a given 2 L sample led 
to only one session with two false positives for brook trout (MA2).    
All sessions showed at least some amplification for blacknose dace (Table 2.5; Fig. 2.2; 
Fig. 2.3), including the negative control reach.  MB and Ground brook (GD) had no dace present 
but both yielded positive detections.  MA1 had a total of three positive samples, all with a score 
of one.  MA2 had 12 positive samples, ten with a score of one, and one each of scores two and 
three.  In MB, a total of 15 samples were positive, eight had a score one, six had a score of two, 
and one had a score of three (Fig. 2.2).  In GD, a total of two were positive, with two score one.  
Overall false positive rates for blacknose dace were; MA1 7.5%, MA2 32.4%, MB 35.7%, and 
GD 7.7%.  If a filter is applied that eliminates weak signals having only one out of four replicates 
positive for a given 2 L sample, MB and MA2 become the only sessions with false positives for 
blacknose dace (Fig. 2.3).  However, this also results in one false negative session (WB2).     
 
2.5 Discussion 
 I used a stream system with well-documented fish community assemblages to test 
whether eDNA would successfully determine species distributions for brook trout and blacknose 
dace.  eDNA successfully detected these species in streams where they were known to be present, 
however, I also found that detections occurred for streams where these species were known to be 
absent.  Detection rates for streams that did not contain these species ranged from 2.5% to 35.7%.  
In no case did I have zero detections for a stream where the target species was not present. 
 This result is surprising given the complete absence of such reports in the literature.  To 
date, most eDNA studies have suggested that positive results indicate the physical presence of 
live organisms (Dejean et al. 2012; Jerde et al. 2013; Pilliod et al. 2013a).  In a separate study 
(Chapter 2) I obtained only one positive detection for brook trout out of 38 negative controls.  
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These controls were taken from a fishless stream several days after removing a cage containing 
brook trout, so even this positive detection was likely due to the presence of some residual 
material.  To verify that I was not seeing non-specific amplification, I sequenced a small number 
of these positive detections (two brook trout and two dace).  Sequences proved to be the target 
sequences in each case.  
 It is possible that these positive detections were the result of contamination.  I observed 
contamination for brook trout in one equipment control out of 26, a rate of 3.8%.  This 
corresponds to the brook trout false positive rate for the first session conducted in the fishless 
reach above the waterfall (MA1).  However, this does not explain the very high positive detection 
rates for both brook trout and blacknose dace during the later session in this spot (27.5% and 
32.4%) and for blacknose dace in the stretch of Mitchell below the waterfall (35.7%).    
 Alternatively, transfer of DNA by fish consuming predators is a possibility (Jerde et al. 
2011; Jerde et al. 2013).  Mink are active in the area and have been observed to move along 
stream corridors and transport fish material through consumption and elimination.  PIT tags used 
to track fish at this site have been observed along the study site in mink scat (Ben Letcher, 
personal communication).  The large number of positive blacknose dace detections in the MB 
session suggests possible transfer by predators.  This session was conducted within a week of the 
MA1 session, which had a 7.5% positive detection rate.  Although the MA1 and MB sites are 
located in the same stream and separated only by a waterfall, the positive detection rate for MB 
was 35.7%.  Another possibility is that brook trout and brown trout consume dace in the West 
Brook and then excrete blacknose dace DNA in feces after moving into MB. 
Application of a filter changes the interpretations.  Requiring a certain baseline level of 
amplification for positive detection removes low-levels of detection that could potentially be due 
to contamination or movement of DNA by vectors such as predators.  When a filter is applied in 
this case (more than one out of four replicates required for a positive detection), several false 
negatives are removed.  Mitchell then emerges as a standout, being the only stream to have 
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positive detections where the target is not known to be present.  Using this approach would 
suggest the possibility that organisms may actually be present somewhere in this system. In a 
monitoring situation, this stream system would be a candidate for more intensive follow up 
analysis. 
Ten years of electrofishing 4x per year has never yielded a blacknose dace in MB.  I can 
say with a high degree of confidence that they were not present in MB.  As such, this suggests 
that movement of DNA into this reach either from above the waterfall by downstream transport, 
below the culvert by upstream movement of trout, or movement by terrestrial piscivorous 
predators is the most likely explanation.  In contrast, I cannot say with confidence that dace were 
not present somewhere upstream of the waterfall, resulting in the observed detections in MA1 and 
MA2.  As a result, eDNA has caused a reevaluation of long held assumptions that there was a 
thorough understanding of the community dynamics of this intensively monitored stream system.     
 Regardless of the mechanisms resulting in false positives, this study highlights one 
potential drawback of the high sensitivity of eDNA techniques.  The low levels of DNA involved 
mean that the potential for contamination is high.  It is absolutely essential that all possible steps 
are taken to minimize contamination at every point in the process.  However, even when 
contamination is completely eliminated, it seems that, at least over small scales, there is likely 
transport of genetic material along stream corridors that may obscure fine scale community 
structure. 
Potentially, temporal replication of sampling may help to reduce uncertainty associated 
with low levels of positive detections.  If samples taken at the same site consistently produce 
positive detections, that strengthens the case that the organism is physically present.  In this study, 
temporally replicated samples in the negative control reach both produced detections for 
blacknose dace.  This results in an interesting conundrum.  Ten years of sampling this tiny stream 
never produced a blacknose dace.  Do we believe the eDNA results and assume that they are 
present somewhere upstream?  Or, has a roving piscivore taken up residence along the stream?  
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Such questions illustrate the kinks that will need to be smoothed out on the path towards wide 
scale implementation of eDNA monitoring.  In this case, ten years of electrofishing surveys 
conducted below the waterfall in MB led to the assumption that community assemblages in this 
system were thoroughly understood.  The results obtained with these eDNA surveys have led to a 
reconsideration of this assumption.   
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Table 2.1: Primer lengths and sequences for each target fish species. 
Primer Target Species Sequence Amplicon Length 
630-F Brook Trout 5’-GAT TAA CTC CGA CGC TGA CAA -3’ 282 BP 
912-R Brook Trout 5’-CAC AAC TAT GAG GAC AAG GAT CG -3’ 282 BP 
465-F Blacknose Dace 5’-TAT AGG AGA CAC CCT TGT CCA GTG G -3’ 180 BP 
645-R Blacknose Dace 5’-CGC GTC GGA GTT TAG CCC GGC AGG GTT G -3’ 180 BP 
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Table 2.2: Session dates and species present within each session.  BKT = Brook trout.  BNT = 
Brown trout.  BND = Blacknose dace. 
Sample Date Location Species Present 
WB1 6/13/2011 West Brook (main stem) BKT, BNT, BND, Other 
WB2 10/13/2011 West Brook (main stem) BKT, BNT, BND, Other 
GD 9/22/2011 Ground Brook BKT 
MA1 6/15/2011 Mitchell above waterfall None known 
MA2 10/6/2011 Mitchell above waterfall None known 
MB 6/9/2011 Mitchell Brook BKT, BNT 
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Table 2.3: Sessions that showed evidence of contamination.  EC = Equipment Control, NTC = 
No Template Control.  Numbers refer to the number of 2 L water samples included in the final 
analysis. 
Sample BKT BND Analysis BKT Analysis BND 
MB  NTC 4 Samples 46 42 
WB1 1 Pos EC  30 30 
MA1   40 40 
GD   26 26 
MA2  NTC 3 Samples 40 37 
WB2   48 48 
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Table 2.4: Positive detections for brook trout by session.  Score I-IV refers to the number of 
positive PCR reactions out of four replicates. 
Sample  Date  Score I  Score II  Score III  Score IV  Total Pos  Tot PCR  
WB  6/13/11  0  3  2  3  26.7%  30  
MA1  6/15/11  1  0  0  0  2.5%  40  
MB  6/9/11  3  3  3  4  32.6%  46  
GD  9/22/11  1  0  0  3  15.4%  26  
MA2  10/6/11  9  2  0  0  27.5%  40  
WB2  10/13/11  0  0  2  9  22.4%  47  
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Table 2.5: Positive detections for blacknose dace by session.  Score I-IV refers to number of 
positive PCR reactions out of four replicates. 
Sample  Date  Score I  Score II  Score III  Score IV  Total Pos  Tot PCR  
WB1  6/13/11  1  2  5  6  46.7%  30  
MA1  6/15/11  3  0  0  0  7.5%  40  
MB  6/9/11  8  6  1  0  35.7%  42  
GD  9/22/11  2  0  0  0  7.7%  26  
MA2 10/6/11  10  1  1  0  32.4%  37  
WB2  10/13/11  8  1  3  0  25.5%  47  
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Figure 2.1: Map of study site showing the distribution of brook trout (BKT) and blacknose dace 
(BND) established by ten years of electrofishing surveys.  Positioning of species keys is not 
reflective of the location within the individual streams where sampling occurred.  WB = West 
Brook.  MB = Mitchell brook below impassable waterfall.  GD = Ground Brook.  MA = Mitchell 
Brook above impassable waterfall. 
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Figure 2.2: Number of positive eDNA detections per session for each of the target species, 
expressed as % of 2 L water samples that were positive.  Score I through IV refers to the number 
of PCR replicates out of four that were positive. 
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Figure 2.3: Map of study site showing species that were detected in each individual stream using; 
A) Long term intensive elecrofishing surveys B) eDNA detections C) eDNA detections with a 
filter that removes weak signals having only one out of four PCR replicates positive.  WB1 = 
West Brook session one.  WB2 = West Brook session two.  MB = Mitchell Brook below 
impassable waterfall.  MA1 = Mitchell above impassable waterfall session one.  MA2 = Mitchell 
above impassable waterfall session two.  GD = Ground Brook.  
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CHAPTER 3 
DISTANCE, FLOW, AND VARIED PCR INHIBITION: eDNA DYNAMICS IN TWO 
HEADWATER STREAMS 
 
 
3.1 Abstract 
 
 Recent years have seen an explosion of interest in the use of freely available DNA 
present in aquatic systems, otherwise known as environmental DNA (eDNA), as a tool for 
monitoring aquatic organisms.  However, much remains unknown about the behavior of eDNA 
over a range of environmental conditions.  DNA concentrations in streams and rivers will depend 
not only on the equilibrium between DNA entering the water and DNA leaving the system 
through degradation, but also on downstream transport.  To better understand the dynamics of 
eDNA concentration in lotic systems, I introduced caged brook trout (Salvelinus fontinalis) into 
two otherwise fishless headwater streams, and took eDNA samples at evenly spaced intervals 
downstream of the cage.  This was repeated 19 times from mid-summer through autumn, over 
flows ranging from approximately 1 to 96 L/sec.  I used quantitative PCR to relate DNA copy 
number to distance from source for each of these 19 sampling events.  I found that regardless of 
flow, there were detectable levels of DNA at 239.5 m in all cases.  Though increasing flows did 
decrease DNA levels near to the source, at greater distances increased flows had little effect.  This 
suggests rapid transport of DNA downstream as flows begin to increase.  In addition, during 
periods of high leaf deposition in the autumn the presence of inhibitors completely erased 
otherwise strong signals, demonstrating the necessity of strategies to release inhibition.  This 
study adds to the growing body of evidence that eDNA techniques are a powerful tool to detect 
organisms in stream systems.   
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3.2 Introduction 
 Detection of aquatic species using environmental DNA (eDNA) techniques has the 
potential to revolutionize surveys of aquatic systems.  Such techniques use DNA separated from 
an organism as fecal matter or sloughed tissues to detect organisms that reside in a water body 
(Jerde et al. 2011).  Initial investigations suggest that eDNA techniques have greater sensitivity to 
detect rare species in lentic systems than most monitoring methods (Ficetola et al. 2008b; Darling 
& Mahon 2011).  In several studies, eDNA approaches detected species that were not collected 
using traditional surveys and intensive follow-up surveys often confirmed the eDNA results 
(Jerde et al. 2011; Dejean et al. 2012; Pilliod et al. 2013a).   As a result, there has been a recent 
spike in the number of studies that focus on eDNA.  
 To date, aquatic eDNA techniques have been used to detect a wide variety of species, 
including aquatic mammals such as whales and porpoises (Amos et al. 1992; Foote et al. 2012), 
amphibians such as salamanders and frogs (Ficetola et al. 2008b; Goldberg et al. 2011), insects 
(Thomsen et al. 2012a), and fish (Jerde et al. 2011; Takahara et al. 2013).  Thomsen et al. (2012a) 
used high-throughput sequencing to detect the aquatic biota in ponds, as well as terrestrial species 
living in close proximity to the water.  In ponds with known species occurrence, detection rates 
ranged from 82% for insect species to 100% for fish species (Thomsen et al. 2012a). 
 The high sensitivity of eDNA techniques for detecting species in standing waters is 
becoming increasingly clear, but its effectiveness in moving waters is uncertain.  Detection 
success of weatherfish (Misgurnus fossilis) in ponds was 100%, but only 54% in running water 
(Thomsen et al. 2012a).  These authors attributed the decline in detection rate to lower fish 
densities and reduced exposure time between a given quantity of water and an individual 
organism.  Other studies have successfully detected amphibian species in lotic systems even at 
low densities, although detection probabilities appeared to vary seasonally (Goldberg et al. 2011).  
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Pilliod et al. (2013a) reported higher detection rates for Idaho giant salamanders (Dicamptodon 
aterrimus) using eDNA over standard kick net sampling.  In a companion study, however, Pilliod 
et al. (2013b) were able to detect DNA in samples taken 5 m but not 50 m downstream from 
caged salamanders.    
 Reliability of eDNA techniques in lotic systems has important management implications.  
The management of imperiled species, as well as control of invasive species at incipient stages of 
an invasion or after attempts at eradication, requires methods that detect species when individuals 
are rare (Ando et al. 1998; Gu & Swihart 2004; Lodge et al. 2006).  Use of eDNA for species 
detection in streams will therefore require an understanding of the dynamics of DNA in moving 
water.  To avoid errors about species presence, it is necessary to know when a lack of detection is 
indicative of the absence of the target species as opposed to the behavior of eDNA under variable 
environmental conditions.  For example, dilution of DNA by high flows, increasing distance from 
the DNA source, or the presence of PCR inhibitors could lead to reduced detectability.  Many 
factors could alter eDNA dynamics in unexpected ways as physical, chemical, and biological 
processes in a stream change through time.  Understanding these dynamics will help managers 
draw more informed conclusions from eDNA data.      
 In this paper, I investigated patterns of eDNA levels in small streams.  My primary 
objective was to assess the influence and interaction of four factors: 1) distance from a DNA 
source; 2) stream discharge; 3) fish biomass; and 4) location.  In addition, the influence of 
environmental inhibitors on DNA amplification-and thus the detection of species-has been largely 
neglected (but see Goldberg et al. 2011).  My secondary objective was to assess the variation in 
inhibition with respect to the factors noted above.  To address these objectives, I designed an 
experiment where I introduced caged brook trout into two otherwise fishless, high-gradient 
headwater streams and then collected water samples at evenly spaced intervals downstream from 
the captive fish.  I conducted ten sampling sessions in each stream from midsummer to late fall.  I 
analyzed the extracted DNA samples using quantitative PCR (qPCR) and related the amount of 
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target DNA to distance from the DNA source for each day of sampling.  I used brook trout 
because they are of high conservation concern in northeastern North America (Hudy et al. 2008).  
Furthermore, they have been introduced world-wide and are the focus of eradication and control 
efforts elsewhere (Dunham et al. 2002; Rieman et al. 2006).  However, the tests I performed are 
of general importance for the use of eDNA in headwater streams. 
 
3.3 Materials and methods   
3.3.1 Study sites 
 I conducted field tests in a single reach in two high-gradient, first-order streams.  Streams 
were selected based on electrofishing surveys and eDNA surveys that failed to detect the presence 
of any fish.  Both reaches are upstream of waterfalls that preclude upstream movement of fish and 
both systems have brook trout below these waterfalls.  One reach (42°27'N, 72°41'W) was on a 
tributary of the Avery Brook system in Conway, Massachusetts and the other (42°23'N, 72°25'W) 
was on a tributary of the Amethyst Brook system in Pelham, Massachusetts (hereafter referred to 
as Avery and Amethyst respectively).  Map-based stream gradients were 50 m/km for Amethyst 
and 74 m/km for Avery.  Both streams consist of riffles interspersed with occasional pools 
flowing over cobble to pebble streambeds.  Mixed hardwood forest with a well developed canopy 
surrounds both systems. 
 At each site, a small pool was selected as a location to place a cage. The cage consisted of 
an aluminum frame 0.90 m long, 0.55 m wide, and 0.48 m high with plastic mesh attached to the 
frame. Sampling sites were set up at intervals downstream from the cage by driving a section of 
steel rebar into the streambed. This ensured that samples were taken from the same locations over 
the course of the study. The first location was 27.5 m downstream from the cage, with the 
remaining locations at 26.5 m intervals thereafter. This yielded a total of nine locations from 27.5 
to 239.5 m downstream from the cage.  I selected these distances after a pilot study suggested that 
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eDNA signal was negligible at approximately 240 m in one of these sites (Avery).  In Avery, 
several small groundwater seeps entered from the side between sampling sites three and six.  
There were no visible inputs to the flow in Amethyst. 
 
3.3.2 Stream flow measurements 
 
  
In Amethyst discharge was measured with a flow meter using the midsection method 
(Gore 2006).  During low flows (<2.5 L/sec), discharge was additionally measured by 
constructing a weir and using the volumetric method of measurement (Gore 2006).  I placed a 
container of known volume below a notch in the weir and measured the time required to fill the 
container.  Measurements were taken approximately 10 m downstream of the final sampling site 
about 30 min prior to the start of sample collection.   
In Avery, a series of flow measurements were also taken using these methods, but were 
taken on non eDNA sampling dates.  These flows were related to those at a gauging station 
located on a nearby river (USGS 01171500 Mill River at Northampton, MA).  I ran a linear 
regression on these data using the gauging station flows as the independent variable and the 
measured Avery flows as the dependent variable.  I used the resulting equation (N = 22; r
2
 = 0.93) 
to infer Avery flows at the time samples were collected. 
In Amethyst, flows ranged from 1.07 L/sec to 96.0 L/sec, with a mean flow of 27.7 L/sec.  
In Avery flows ranged from 1.36 L/sec to 9.52 L/sec, with a mean flow of 5.48 L/sec.  Mean 
wetted width in Avery at ten sample sites (see below) was 1.19 m at a flow of 3.22 L/sec.  Mean 
wetted width in Amethyst at ten sample sites was 3.35 m at a flow of 31.38 L/sec. 
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3.3.3 Field sampling  
I collected eDNA samples by passing 6 L of stream water through a 1.5-micron glass 
fiber filter using a peristaltic pump (Geotech Environmental Equipment, Inc., Denver, CO).  All 
equipment that contacted water or the filter, such as tubing, filter holders, and forceps, was 
sterilized with a 10-minute exposure to 10% bleach prior to sampling and transported to the study 
site in a sterilized cooler. After water was filtered, I placed filters into 15-ml conical tubes and 
immediately placed them on dry ice until arrival at the lab, where they were placed in a -20° C 
freezer until processed.  In some cases, filters became clogged prior to filtering 6 L.  When this 
happened, I placed the clogged filter into a 15-ml conical tube and used a fresh filter to filter the 
remaining volume of water.  I then placed this filter into a separate 15-ml conical tube. 
Each sampling session took two days. On day one, I took two samples-1 m and about 170 
m below the eventual cage site-to use as negative controls.  After taking these samples, I placed 
five brook trout into the cage (USGS Leetown Science Center Conte Anadromous Fish Research 
Center Animal Care and Use Protocol). Trout were collected from nearby streams by 
electrofishing and the weight and length of each fish was recorded.  Individual fish size ranged 
between 8.4 g and 38.7 g.  Total biomass per session ranged from 68.2 g to 168.1 g (Table 3.1).   
Sampling during the second day of each session began 24 h after the fish were placed into 
the cage.  I began sampling at the downstream-most site and worked upstream. I took samples 
using the peristaltic pump by fastening the free end of the tubing to the rebar sample marker with 
a steel clip.  After completing each session, I removed the fish from the cage and returned them to 
their source stream.   
I attempted to conduct ten sessions at each reach but discarded one session from each 
reach.  I excluded one Avery session during a low-water period, because flow became 
intermittent between the cage and downstream sites.  I excluded one Amethyst session because of 
DNA amplification in a negative control.  Sessions were from July 11, 2012 to December 1, 2012 
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(Table 3.1).  A minimum of five days elapsed between sampling sessions to permit flushing of 
DNA from the study reaches. 
3.3.4 DNA extraction and qPCR 
DNA extraction and PCR set up were done in a room set aside for this purpose and kept 
separate from all PCR machines and post PCR products.  I performed extractions using a 
commercially available kit (Powerwater, MoBio Laboratories, Inc., Carlsbad, CA) designed 
specifically for processing water derived DNA samples.  This kit uses a silica column to capture 
DNA while contaminants are washed through the column.  All DNA was eluted from the column 
using 100 μl of sterile TE pH 8.0 (Integrated DNA Technologies, Coralville, IA) and placed at -
70° C until PCR processing.  For samples that required two filters (i.e. one became clogged), the 
two filters were processed separately until loading upon the column, at which point they were 
loaded onto the same column and processed as one sample for the remainder of the protocol.   
I designed a TaqMan© probe targeting a region of the mitochondrial cytochrome b 
region.  I used information available through GenBank to maximize probe base pair mismatches 
between brook trout and closely related species (Wilcox et al. 2013).  This probe was used as the 
basis for a custom designed assay obtained from Life Technologies (Carlsbad, CA).  Assay 
primer sequences were F-5’ CCATGAGGGCAAATATCCTTCTGA and R-5’ 
TCATTGTACAAGGGCACCTCCTA and the FAM labeled probe sequence was 5’ 
CTCCTCTCTGCTGTACCC.  The assay primers spanned a 90-base pair segment of cytochrome 
b.   
Initial TaqMan qPCRs were run on a Stratagene MX3005P qPCR System (Agilent 
Technologies, Santa Clara, CA) using 5 μl of nanopure H2O, 10 μl of 2X TaqMan Genotyping 
Master Mix (Life Technologies), 1 μl of 20X custom TaqMan Gene Expression assay containing 
the primers and the probe (Life Technologies), and 4 μl of extracted DNA.  Upon observing 
evidence for PCR inhibitors, all PCRs were rerun using the same conditions with the exception 
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that 10 μl of 2X TaqMan Environmental Master Mix 2.0 was used in place of Genotyping Master 
Mix.  Thermal conditions for qPCR were 95° C for 10 minutes followed by 45 cycles of 95° C for 
15 seconds and 60° C for 60 seconds. For all qPCR reactions, standard curve R
2
 values were 
greater than or equal to 0.99 and PCR efficiencies ranged between 90.4% and 101.1%.   
On each qPCR plate I included a standard curve consisting of the target sequence in a 
linearized and purified plasmid vector.  The standard curve consisted of 5-fold serial dilutions of 
the vector from 156,000 copies per reaction down to 10 copies per reaction, for a total of seven 
dilutions.  I used a Qubit 2.0 Fluorometer (Invitrogen – Life Technologies, Carlsbad, CA) to 
measure the stock concentration of the vector prior to setting up dilutions.  Immediately on 
preparation, dilutions were aliquoted into tubes containing a volume sufficient for one standard 
curve, kept at -70° C until use, and thawed and used once.   Each PCR plate included samples 
from one session (including the negative controls), a standard curve, and a no-template control to 
test for contamination.  Each individual sample was run in triplicate and the mean value was 
taken as the result. 
 
3.3.5 Test of PCR inhibition 
 In qPCR, the Ct is defined as the number of cycles required for enough amplified PCR 
product to accumulate that it crosses a threshold recognized by the qPCR instrumentation.  The Ct 
is directly related to the starting quantity of target DNA in the reaction and is used to calculate 
this quantity.  The more target DNA present, the fewer number of cycles are required to amplify 
detectable DNA and the lower the Ct.  Conversely, fewer copies of target DNA should result in a 
higher Ct (Heid et al. 1996).  If inhibitors are present, they will delay the Ct for a given quantity 
of template DNA.  For this reason, Ct shift between samples having the same number of known 
target DNA copies can be used as a measure of the relative strength of inhibition. 
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To test for inhibition in the DNA samples, I spiked aliquots of the cage negative controls 
for each session with 250 copies of the standard curve sequence.  I ran each of these on one qPCR 
plate along with a similarly spiked sample having TE in place of negative control DNA.  I 
compared the Ct of each spiked negative control with the Ct for the TE sample to get a measure 
of inhibition induced Ct shift for each session.  Because the maximum number of cycles was 45, 
if a sample had no amplification, I assigned it a Ct of 45 for this test.  To get inhibition induced 
Ct shift, I subtracted the Ct for the TE sample from the Ct for each negative control.  Large Ct 
shifts indicated strong inhibition while small shifts indicated weaker inhibition. 
 Following qPCR reruns using TaqMan Environmental Master Mix 2.0, I conducted a 
separate test to measure release of inhibition.  On each qPCR plate, I included the corresponding 
cage control spiked with 250 copies of the standard curve sequence.  Each plate also included a 
reaction having TE in place of cage control DNA, also spiked with 250 copies of the standard 
curve sequence.  For each session, I subtracted the Ct for the TE sample from the Ct for the 
spiked cage control to get a measure of inhibition induced Ct shift.    
 
3.3.6 Statistical analysis 
I analyzed all sessions together using linear mixed models to account for correlation 
within the repeated measurements of each session.  I treated session as a group in the models.  I 
used the lme function of the nlme package (Pinheiro & Bates 2000) in R ver 3.0.0 (R Core Team 
2013) and used log-transformed DNA count + 1 as the response variable.  A random intercept and 
random slope by distance were included in the model.  I included Distance, Stream, Biomass, and 
Flow as model predictors.  To make the Distance and Biomass predictors more meaningful to our 
study situation, I centered these variables to measure the effect at the mean value for each.  To 
select the final fixed effects structure of the model, I fit several competing models using 
maximum likelihood (Table 3.2).  The most complex candidate model included all two way 
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interactions while the simplest included only the main effects.  To select between these models, I 
chose the model with the lowest AIC (Table 3.2) (Johnson & Omland 2004).  Following model 
selection, I refit the model using restricted maximum likelihood (Zuur et al. 2009).  
 
3.4 Results 
 
3.4.1 Flow, distance, and biomass effects 
All sessions showed measureable amplification up to 239.5 m from the cage (Fig. 3.1).  
The mean count at 239.5 m was 88 copies with a standard deviation of 176.  Low flows yielded a 
strong initial count of DNA copy number that rapidly declined to low levels whereas higher flows 
resulted in a negligible change downstream (Fig. 3.1; Fig. 3.2).  Based on the linear mixed effects 
model, the main effects of distance, flow, stream, and biomass were all significant (Table 3.3).  
However, all two-way interactions except flow*biomass and stream*biomass were also 
significant, indicating that all of the main effects are dependent upon the levels of other main 
effects.  For example, at low flows and intermediate levels of biomass, increasing distance 
decreased eDNA levels.  However, the significant distance*flow interaction indicates that the 
effects of distance vary across flows. This supports the observation that as flows increase, the 
effect of distance was reduced so that higher flows tend to approach a flat line (Fig. 3.2).  
Similarly, at low flows and intermediate distances, increasing biomass resulted in higher DNA 
levels, but the distance*biomass interaction indicates that this effect was attenuated at greater 
distances.  At low flows and intermediate distances and biomass, Avery had lower eDNA levels 
than Amethyst.  However, a positive coefficient on the significant flow*stream interaction 
indicates that as flows increased, DNA levels increased in Avery relative to Amethyst.    
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3.4.2 Temporal dynamics of inhibition 
 Without the use of an inhibition-reducing assay, we found that as samples progressed into 
the fall period of leaf deposition, eDNA became negligible to absent (Fig. 3.3).  Three of these 
Amethyst sessions had zero counts in all samples.  One Avery session had mostly zero counts in 
all samples, with three samples having amplification in only one out of three replicates.  Based on 
these observations, we tested for inhibition and reran samples using Environmental Master Mix to 
provide the results in the section immediately above. 
The test for inhibition induced Ct shift showed that, prior to the use of Environmental 
Master Mix, all sessions in the period of peak leaf fall had strong to complete inhibition (Fig. 
3.4).  This was true regardless of stream, although Avery only had one sample with complete 
inhibition (Ct shift = 15.43) while Amethyst had five samples with complete inhibition.  In 
Amethyst there were two isolated cases of complete inhibition that occurred outside of this fall 
period (Fig. 3.4).  Some sessions that were strongly inhibited with Genotyping Master Mix had 
very high DNA levels when examined with Environmental Master Mix (Fig. 3.5). Even the least 
inhibited sample with Genotyping Master Mix had increased DNA quantities with Environmental 
Master Mix (Fig. 3.5).  Inhibition induced Ct shift strongly decreased for all sessions with 
Environmental Master Mix (Fig. 3.6).  Mean Ct shift for the Environmental Master Mix runs was 
-0.18 with a standard deviation of 0.29 compared with a mean of 8.97 and a standard deviation of 
6.26 for the Genotyping Master Mix runs.    
 
3.5 Discussion 
The most compelling results from these experiments are 1) that I was able to detect DNA 
100% of the time, even at those locations that were furthest downstream and 2) that inhibition is a 
ubiquitous factor in eDNA analysis, a factor that has not received much attention in the literature, 
but which can have profound effects on our understandings of detectability.  Indeed, I designed 
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these experiments based on preliminary sampling that was strongly affected by inhibition; it is 
clear that the downstream limits to detection occur much further downstream than 239.5 m.  
Beyond these findings, much of these results were unexpected.  I expected a decline with 
distance, and in several of the lower flow sessions there were declines.  However, at the lowest 
flows, declines leveled out and copy numbers at downstream locations were remarkably constant.  
Additionally, for high flow sessions, DNA levels were relatively consistent across samples, 
having patterns approaching flat lines.  Further, flow appeared to have little effect on downstream 
DNA levels in spite of the obvious effects of dilution.  Below, I enumerate the possible 
explanations for the observed phenomena.  I need to stress that there is no reason to believe that 
the observed patterns were due to contamination.  The negative controls, including sampling from 
the streams immediately prior to introducing the caged fish, in all of the reported cases were 
clean.  Further, I began sampling at the furthest downstream location and worked upstream 
toward the fish: there is no way that DNA collected at upstream locations could possibly have 
interacted with the downstream samples.  Thus, the positive results and lack of declines with 
distance associated with downstream locations need to be accepted as real phenomena that 
require explanation. 
One possible mechanism driving the observed pattern is that more DNA is produced at 
higher flows, particularly if fish are increasing contact with the cage.  Though I cannot rule out 
this possibility, increased DNA shedding seems unlikely.  Another explanation is that at low 
flows, greater PCR inhibition occurs with increasing distance from the source.  However, the 
results of the inhibition tests suggest that this is likely not the case.  Another explanation for the 
decline in amount of DNA detected with distance from source at low flows could be ‘clean’ water 
(water that did not pass through the cage) entering the streams from clean sources, such as 
groundwater seeps.  At low flows, groundwater seeps could serve to dilute DNA as it travels 
downstream from the cage, resulting in the pattern of rapid decline in levels at these flows.  At 
higher flows, seeps would have less effect on the DNA signal because they would be a minor 
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proportion of the total water in the stream.  Under these conditions, the expected pattern would 
then be lower maximum DNA counts and more consistent counts across samples within a session, 
which is consistent with the observed patterns.  Further, I observed seeps in Avery where this 
pattern was stronger but did not observe seeps in Amethyst, though they could occur within the 
stream channel.  Finally, another partial and perhaps most influential explanation is the settling 
process of the cells containing DNA.  Use of a 1.5-micron filter likely sampled fine particulate 
organic matter (FPOM) such as partial, whole, and clumped cells as the DNA source rather than 
molecular or ‘free’ DNA (Kiffney et al. 2000).  Settling and storage of FPOM in the streambed 
may occur more quickly and over shorter distances at lower flows, making the cells unavailable 
for sample in the water column at greater distances from the source (Minshall et al. 2000; Wipfli 
et al. 2007).  Studies indicate that the majority of FPOM transport in streams does occur during 
high flows (Bilby and Likens 1979; Kiffney et al. 2000, Wipfli et al. 2007) and that transport of 
suspended FPOM ceases once gravitational forces exceed upward, turbulent forces (Webster et al. 
1987).  At the same time, increased water volume at higher flows would serve to dilute the high 
DNA counts observed nearer to the cage at low flows.  The combination of these processes, 
particularly the latter two, may result in the observed flatter lines at higher flows.   
It is clear that eDNA represents a powerful new tool for presence/absence data in 
headwater streams.  However, the utility of eDNA for estimating abundance/biomass in 
headwater streams remains uncertain.  I did see a positive relationship between biomass and 
eDNA levels in this study, and this supports other studies that have noted this relationship 
(Thomsen et al. 2012a; Takahara et al. 2012; Pilliod et al. 2013a).  However, flow may prove to 
be a confounding factor in attempts to infer density/abundance based on eDNA sampling in 
moving water. I found that flow altered the shape of the signal downstream of the source. When 
close to the source, increasing flow reduced DNA levels, while further from the source, 
increasing flows increased DNA levels.  This pattern, combined with uncertainty surrounding 
distance from source in field settings, will complicate attempts to infer biomass.   
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 Pilliod et al. (2013b) noted that eDNA is undetectable almost immediately upon removal 
of organisms, having failed to detect eDNA one hour after translocated salamanders were 
removed from a stream.  My results were similar.  In one case I aborted a sample after the cage 
became separated from the downstream sample sites because the stream became intermittent.  I 
processed samples from the sites that remained (#3-#10) and found DNA in only two sites.  Both 
of these had only trace amounts of DNA (1 copy or less), showing that most DNA was flushed 
out of the study reach within 24 hours of removal of the source.  Studies have found that it takes 
eDNA several days to degrade to undetectable levels (Dejean et al. 2011, Pilliod et al. 2013b), so 
the bulk of this was likely due to downstream transport and/or storage of DNA in the stream bed.   
 One potential limitation of this study is that only rarely will organisms be present in one 
localized cluster within a stream.  This may potentially occur at very early stages of 
colonization/invasion, however, in established populations organisms are likely to be more evenly 
distributed.  I found that eDNA travels a long distance from the source, so it may be that in 
established populations there is a greater equilibrium between local sources of eDNA and eDNA 
originating from upstream that may mask the patterns I observed with distance.  Within the same 
stream, Pilliod et al. (2013a) found no relationship between eDNA levels and localized densities 
of Idaho giant salamanders (Dicamptodon aterrimus) when samples were collected within 50 m 
of surveyed stream locations.  They also found no significant difference in eDNA levels between 
samples separated by 450 m within the same stream.  This may be the result of an established 
equilibrium or possibly flow was strong enough that signals had flattened out. 
 Without question, eDNA studies need to account for inhibition to avoid detection errors.  
Though all sessions had at least some inhibition, inhibition appeared to be more pronounced 
during the fall period when there were large quantities of leaf matter in the streams.  Plant matter 
is known to contain compounds that inhibit PCR (Demeke and Adams 1992; John 1992; Wilson 
1997), so it is not surprising that leaf matter would result in increased inhibition.  Additionally, 
Amethyst had more samples with complete inhibition than Avery and had the only samples 
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outside of fall that had complete inhibition.  The water in Amethyst had a visible yellow to orange 
hue, while Avery was nearly colorless.  This suggests that Amethyst may have a relatively higher 
concentration of plant compounds that may help to explain overall higher inhibition.   
I found that inhibition could completely erase high DNA levels in excess of 2,000 copies, 
even at a distance of 1 m from the source.  Though dilution is a potential way to release 
inhibition, when copy numbers are low yet detectable, dilution is likely to result in a negative 
detection (Juen & Traugott 2006).  PCR facilitators such as BSA can do a good job of releasing 
inhibition, but tend to target specific classes of inhibitors (Strand et al. 2011).  TaqMan 
Environmental Master Mix has been found to do a better job of releasing inhibition over a wide 
range of environmental conditions, removing close to 100% of inhibition from water samples in 
some cases (Strand et al. 2011; Albers et al. 2013).  I successfully overcame strong inhibition 
using this approach.     
These results support other studies that indicate eDNA is a powerful tool to determine 
presence/absence of organisms in high gradient stream systems (Pilliod et al. 2013a).  I 
successfully detected brook trout at relatively low biomass (0.07 to 0.17 kg) in almost all samples 
and all distances regardless of flow. That I detected DNA at 239.5 m in all sessions suggests that 
DNA may travel much further downstream, possibly on the order of kilometers.  It remains to be 
seen whether eDNA techniques will be reliable methods for determining abundance/biomass in 
high gradient streams.  Though I did see a positive relationship between biomass and DNA levels, 
interactions between flow, distance, stream, and biomass will require techniques that are able to 
account for all these effects.  Regardless of whether this can be done or not, the high sensitivity of 
eDNA for presence/absence data in high gradient stream systems is clear.        
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Table 3.1: Sessions, dates sampling was done, and total biomass of fish placed in cage for each 
session.  Sessions are ordered chronologically from top to bottom by sampling date. 
Sample Stream Date Biomass (g) 
AV-1 Avery 7/11/2012 90.1 
AV-4 Avery 8/14/2012 95.4 
AM-1 Amethyst 8/23/2012 115.6 
AM-2 Amethyst 8/29/2012 104.3 
AM-3 Amethyst 9/5/2012 122.0 
AM-4 Amethyst 9/15/2012 95.4 
AV-5 Avery 9/22/2012 68.2 
AM-5 Amethyst 9/29/2012 125.3 
AV-6 Avery 10/3/2012 98.8 
AM-6 Amethyst 10/6/2012 119.0 
AM-7 Amethyst 10/13/2012 168.1 
AV-7 Avery 10/17/2012 108.7 
AM-8 Amethyst 10/20/2012 141.6 
AV-8 Avery 10/28/2012 76.0 
AV-9 Avery 11/2/2012 74.7 
AM-9 Amethyst 11/7/2012 110.4 
AV-10 Avery 11/10/2012 93.1 
AV-11 Avery 11/17/2012 73.9 
AM-10 Amethyst 12/1/2012 114.7 
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Table 3.2: The lower table shows the structure of the competing fixed effects models.  Dis = 
Distance, Fl = Flow, St = Stream, Bi = Biomass.  An X below the variable in the column indicates 
that it was included in the model.  The upper table shows the AIC, ΔAIC, and AIC weight for 
each model. 
Model AIC ΔAIC AIC Weight 
Model 2 167.45 0.00 0.51 
Model 1 169.45 2.00 0.19 
Model 3 170.12 2.66 0.13 
Model 8  171.59 4.14 0.06 
Model 9 172.65 5.20 0.04 
Model 4 173.31 5.86 0.03 
Model 5 173.70 6.25 0.02 
Model 11 174.78 7.33 0.01 
Model 12 176.15 8.70 0.01 
Model 6 178.99 11.53 0.00 
Model 10 195.81 28.36 0.00 
Model 7 204.44 36.99 0.00 
    
  
Mod # Dis Fl St Bi Dis*Fl Dis*St Fl*St Dis*Bi Fl*Bi St*Bi 
1 X X X X X X X X X X 
2 X X X X X X X X X  
3 X X X X X X X X   
4 X X X X X X X    
5 X X X X X  X    
6 X X X X   X    
7 X X X X       
8 X X X X X X X X  X 
9 X X X X X X X  X X 
10 X X X X X X  X X X 
11 X X X X X  X X X X 
12 X X X X  X X X X X 
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Table 3.3: Parameter estimates for the fixed effects of the linear mixed effects model.  Distance 
was divided by 100 to give the estimate per 100 m and represents the distance from the cage.  
Flow was divided by 10 to give the estimate per 10 L increase in flow.  Distance and biomass 
were both centered to give the effect at the mean value of each variable.  
Covariate Estimate 95% CI Lower 95% CI Upper P-Value 
Intercept 1.463 1.179 1.747 <0.001 
Distance -0.289 -0.523 -0.055 0.016 
Flow -0.233 -0.421 -0.045 0.019 
Stream(Avery) -0.871 -1.473 -0.269 0.008 
Biomass 0.015 0.005 0.025 0.008 
Dist*Flow 0.082 0.027 0.137 0.004 
Dist*Stream(Av) -0.473 -0.825 -0.120 0.009 
Flow*Stream(Av) 2.887 2.098 3.676 <0.001 
Dist*Biomass -0.008 -0.016 -0.001 0.032 
Flow*Biomass 0.005 -1.913e-4 0.011 0.057 
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Figure 3.1: Log 10 (DNA count + 1) plotted against distance for each session.  Date of session is 
in the upper right corner of each panel and below this is flow.   
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Figure 3.2: Broken lines represent individual sessions.  The dark line is a loess smoother fit to 
the data within each panel.  Panels are broken up into different flows as follows: a. very low 
flows (< 4 L/sec) b. low flows (4 – 7 L/sec) c. medium flows (7 – 10 L/sec) and d. high flows (> 
10 L/sec) 
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Figure 3.3: Results using the inhibition prone Genotyping Master Mix.  Log 10 transformed 
(DNA count + 1) by distance for each sample.  The date, as month/day/year, for each sample is in 
the upper right corner of each panel.  Flow in L/sec appears below the date.  The lower two rows 
are Amethyst samples and the upper two rows are Avery samples.  Within a stream, panels appear 
in order of sampling date, from lower left to upper right.   
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Figure 3.4: Inhibition induced Ct shift plotted against sessions in chronological order on the x-
axis.  Inhibition induced Ct shift is a measure of the delay in Ct as a result of inhibition and is a 
relative measure of inhibition.  Greater shifts in Ct indicated stronger inhibition.  The largest Ct 
shift (15.43) indicates complete inhibition that resulted in no amplification of DNA. 
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Figure 3.5: Some sessions that were completely inhibited on the first run had very high DNA 
levels after rerunning with Environmental Master Mix (left panel).  Even the least inhibited 
session had higher DNA counts following reruns (right panel). 
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Figure 3.6: Ct shift between cage negative controls spiked with 250 copies of the standard curve 
sequence and an equivalent PCR reaction with TE in place of cage control. 
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